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; Abstract 

CO ■ We show that previous proposals to accommodate the MSSM with string theory N=0 

> ■ 

' non-supersymmetric compactifications coming from intersecting D6-branes may be 

P\J , made fully consistent with the cancellation of RR tadpoles. In this respect we present 

!>■ ■ 

' the first examples of non-supersymmetric string Pati-Salam model vacua with starting 

^ ; observable gauge group SU{A)c x SU{2)l x SU{2)r (SU(2) from Sp(2)'s) that accom- 

. modate the spectrum of the 3 generation MSSM with a gauged baryon number with 

pi • all extra exotics (either chiral or non-chiral) becoming massive and all MSSM Yukawas 

^ I realized. These constructions include models with sm'^{9w) = 3/8 (SU(5) type) and 

J> , can have 1, 2 or 4 pairs of higgsinos depending on the # of tilted tori. We work within 

^ ■ four dimensional compactifications of IIA theory on toroidal orientifolds without (and 

I with) fluxes. The MSSM spectrum (together with right handed neutrinos) is realized in 

the intersections of the visible sector that may contain D6-branes whose intersections 
share the same N=l supersymmetry. The N=l supersymmetry of the visible sector is 
broken by an extra supersymmetry messenger breaking sector that preserves a different 
N'=l susy, exhibiting the first examples of stringy gauge mediated models. Due to the 
high scale of the models, these models are also the first realistic examples of carriers of 
stringy split supersymmetry exhibiting universal slepton/squark masses, massive string 
scale gauginos, unification of SU(3), SU(2) gauge couplings at 2.04 x 10"'^^ GeV, a sta- 
ble proton and the appearance of a landscape split SM with chiral fermions and only 
Higgsinos below the scale of susy breaking; the LSP neutralino candidate could also be 
only Higgsino or Higgsino-Wino mixture. We also add RR, NS and metric fluxes as ev- 
ery intersecting D-brane model without fluxes can be accommodated in the presence of 
fluxes. The addition of metric fluxes in the toroidal lattice also stabilizes the expected 
real parts of all in AdS closed string moduli (modulo D-term effects), leaving unfixed 
only the imaginary parts of Kahler moduli. 



1 Introduction 



Maybe the most serious problem of string theory nowadays is to derive a model of particle 
physics which will be as close as possible to the Standard Model at low energies and which 
not only manage to fix all its free parameters, its moduli, but it will also get rid of all its 
extra exotics (chiral or non-chiral)- by making them massive through appropriate Yukawa 
couplings or some other mechanism - which always have been a problem in model building 
attempts. The obvious next step to such an goal is to calculate specific phenomenological 
quantities that could make some definite predictions for present and future experiments. 
In this respect recent model building attempts - without the presence of background 
fluxes - have been focused in the construction of N=l supersymmetric [1, 2, 8, 63] and 
non- super symmetric models [14, 15, 16, 17, 26, 54, 55] and the use of intersecting branes 
[See also [9], [10] — for some semirealistic attempts in deriving the MSSM from another 
direction.]. These models make use of the fact that chiral fermions live in the intersections 
of branes that intersect at angles or in other cases they make use of the T-dual formulation 
of models with D9-branes and magnetic fluxes [11, 12, 13]. Some comments are in order. 
In aU recent string N=l supersymmetric models [1, 2, 8, 21, 22, 57, 58, 59]- where NSNS 
and RR tadpoles cancel - the locahzation of MSSM (we mean the usual multiplet context 
MSSM with one or more Higgsino multiplets and also right handed neutrinos) 

is accompanied by an unwanted problematic large number of non-chiral or chiral open 
string exotics that survive massless to low energies ^. These states could be coming from 
either the adjoint gauge multiplet (chiral ones) or from sectors (non-chiral ones) formed 
between in brane intersections where the participating branes are parallel in some compact 
direction. It is also possible that adjoint matter is formed from open string states that 
are accommodated in the intersection of a brane with its orbifold images. This is the case 
of Zjq or X Zm orientifolds of IIA compactiflcations with intersecting D6-branes. See 
for example [8], [50]. 

Following these developments during the era of development of intersecting brane 

models the initial expectation was that possibly IIB string backgrounds in the presence of 

NS and RR fields [38, 39] will allow for more ficxibility into the spectrum, such that the 

extra exotics will disappear from the spectrum or alternatively the present formulation 

of N=l models with intersecting D6-branes will manage somehow to find a vacuum that 

have less [2] or even no massless exotics at the end. Needless to say that in model building 

^Wc also note that model building based on the by now old heterotic string approach suffers 

from problems like proton decay and unfixed moduli parameters. See for example [34]. 



with or without fluxes surviving massless exotics to low energies are always present either 
as a part of a chiral or a non-chiral set of new exotic particles [for some examples see 
[40, 22].]. 

On the other hand hand non-supersymmetric models (NSM) from intersecting branes 
(without fluxes) [14, 15, 16, 17, 26] in toroidal orientifold compactifications [3] of type IIA 
theory [see also [54, 55] for the generation of the same SM configurations using D5-branes 
in different IIB backgrounds] , have some successes as it become possible to derive for the 
first time vacua which have only the SM at low energies and with no extra chiral exotics 
- and with proton stability - without the presence of any additional chiral fermions at 
low energies. Hence the original four stack non-susy SM [14] string vacua - that have 
no supersymmetry preserved at any intersection - have been extended ^ to five and six 
stack SM string vacua that have one and two intersections preserving a supersymmetry 
[16, 17] respectively ^. [For one way to get rid in these vacua of non-chiral fermions in any 
representation see e.g. [61]; one could also try to get rid of only the adjoint matter but 
using fractional D-branes in 4D IIB chiral compactifications [63]]. These models follow a 
bottom-up approach as they embed the SM local configuration to a string compactification 
and thus they are different to the top-bottom MSSM embedding approach of heterotic 
string compactifications. We also mention at this point the construction of non-susy Pati- 
Salam vacua with only the SM at low energy [15], where all the accompanying beyond 
the SM extra chiral exotics become massive through the use of non-renormalizable mass 
couplings ^. In this work, we will sec an identical effect - which is consistent with a high 
scale - and makes all exotics massive and leaves only the MSSM N=l context at low 
energies [using the same orientifold backgrounds [3] without fluxes]. 

In parallel with the development of non-susy models with only the SM at low energy, 
a different direction was initiated in [24], and further explored in [25], which localized the 
MSSM on a 4D four stack toroidal orientifold IIA vacuum (no ffuxes present). In this 

^By spreading the SM particle context to different intersections. 

■^These models predict the existence of the chiral spectrum of the SM in addition to only one type of 

supersymmetric particles, namely the susy partners of vr's the sneutrinos. 

^One important constraint that is derived in these models - proton is stable - is that the masses of 

the extra chiral exotics are greater than the electroweak scale only if the string scale is low and below 

1.2 TeV. However the latter is unlikely to happen- the string scale is close to the Planck scale - as on 

these models the intersecting D6-branes wrap the whole of the toroidal orientifold space and there are 

no transverse dimensions to the D6-branes that could become large such that the string scale could be 

as lowered to below 1.2 GeV. Some other possibilities which make these models consistent with a high 

scale will be explored elsewhere. 



case, even though an anomaly free configuration was found that locally corresponded to 
the MSSM N=l multiplet spectrum nevertheless RR tadpoles could not be satisfied. In 
[26] we generalized the considerations of [24] to the maximal five and six stack locally 
supersymmetric MSSM without fluxes and also considered the introduction of tilted tori 
on four, five and six stack MSSM local configurations ^. Furthermore in [24] it was argued 
that since the MSSM local configuration was anomaly free in order to satisfy RR tadpoles 
either an extra anomaly free sector was needed or NS-NS background fiuxes that however 
should add no net chiral content. Additionally, in [26] we argued ^ that the extra sector 
should play the role of the supersymmetry breaking sector of gauge mediation [35] and 
the states of the extra RR canceUing sector should be vector-like. We should mention 
that the same local configuration describing the MSSM [24], [25] has been also used for 
the studies of unification of gauge couplings [36] and calculation of soft terms without 
fiuxes [37] in intersecting brane models. 

The purpose of the present paper is twofold. Initially we present a new method 
of cancelling RR tadpoles in N=0 (non-supersymmetric) toroidal orientifold models by 
adding a vector-like N' — 1 supersymmetric sector to N=l local MSSM configurations, 
leaving as the only net chiral context of the theory the multiplet spectrum of the N=l 
Standard Model. The vector-like sector respects a difi^erent N=l supersymmetry than the 
one respected by the sector that localizes the MSSM. Hence overall SUSY is broken and 
the models are non-supersymmetric. Furthermore, since we show that all extra beyond 
the MSSM matter either chiral or non-chiral becomes massive this is the first appearance 
of a realistic string model that finds the N=l MSSM particle content inside a model where 
SUSY is already broken '^[overall the model is non-supersymmetric]. At present there is 
no N=l model that can localize the MSSM matter context and be able to get rid of its 
massless exotics chiral and/or non-chiral ones. 

We apply this method to toroidal orientifolds by finding the most general solution to RR 
tadpoles that localize the MSSM multiplet spectrum inside a Pati-Salam SU (4)cX5'p(2)iX 
Sp{2)ji construction. What we call the MSSM is the usual MSSM chiral multiplet spectrum 
with right handed neutrinos - with gauged baryon number and hence proton stability - and 

either erne (1). five) (2) or four (4) pairs of Higgsinos Hu, ; the latter choices depending 

^By brane recombination the five, six stack local MSSM models of [26] flow to the four stack MSSM 
local configurations of [24, 25]. 

^Thc 5- and 6-stack MSSM local configurations of [26] flow - under brane recombination of the U(l)'s 
- to the 4-stack models of [24, 25]. 

''At present there is no N=l supersymmetric models which manage in some way to get rid of its extra 
exotics chiral and/or non-chiral ones that accompany the MSSM spectrum. 



on the number of tilted tori. 

Furthermore we will show that all the extra beyond the MSSM matter - all the states of 
the extra vector-like messenger sector will get masses from Yukawa couplings. Adjoint 
matter will get masses from the introduction of Scherk-Schwarz breaking. On the other 
hand - following recent important developments on moduli stabilization either in N=l 
supersymmetric AdS vacua with NS/R fluxes [41] and N=l supersymmetric vacua with 
NS/R and metric fluxes [44] recently, where all the real parts of the moduh could get 
flxed and only some combinations of axions are being left unflxed - we examine the issue 
of moduli stabilization by adding metric fluxes in the present models. We recall that in 
non-susy compactiflcations [14, 15, 16, 17] from toroidal orientifolds only complex moduli 
could get flxed through the use of supersymmetry conditions on intersections; see for 
example [15] . Moreover the presented Pati-Salam models - when Scherk-Schwarz breaking 
is included - have all the necessary ingredients to he the first realistic split susy [47] models 
from string theory [4-8], [49], [50], [51] as the models exhibit partial unification of the strong 
SU(3) and weak, SU(2) force gauge couplings at the famous value 2.04 x 10-^^ GeV as at 
the string scale only the MSSM particle content remains massless. 

The structure of the present paper is as follows. In section 2 we describe the local MSSM 
configurations as described in [25], [26] with zero and non-zero NS B-ficld respectively 
which did not satisfy at the time RR tadpoles ^. In section 3 we present a class of RR 
tadpole solutions that describes the Pati-Salam embedding S'f/(4)c x Sp(2)i x Sp{2)r 
type of models where all the additional exotics become massive and where the extra 
messenger - beyond the MSSM gauge group - is just two broken U(l)'s. These RR 
tadpole solutions embed consistently the MSSM spectrum in the string compactification 
of four dimensional toroidal orientifolds [3]. We also show how all the chiral and non-chiral 
beyond the MSSM exotics become massive. In section 4, the breaking of these models to 
its left-right counterpart symmetric models and the breaking to the MSSM is described 
also describing the way all the chiral and non-chiral beyond the MSSM exotics become 
massive. We also use complex structure moduli in Fayet-Iliopoulos terms to show that all 
sparticles/squarks get massive from the breaking of = 1, A^' = 1 supersymmetries. In 
section 5, the relation of the present constructions to split supersymmetry models and the 
satisfaction of all criteria for its apphcation to strings set out in [48, 49] is described. We 
also present a) constraints on the complex structure moduli derived from the requirement 
that the Pati-Salam models contain an SU(5) type of sin^(^) at Mg. as well consequences 

^Even though in a revised version of [26] a new RR tadpole canceling model may be studied. 



for dark matter candidates. In section 6 we describe the addition of R, NS and metric 
fluxes as described in [43], [44] and the fixing of most of the moduh in the Ads vacuum 
of the present models. We present our final comments and conclusions in section 7. 

2 MSSM and N=l Supersymmetry in N=0 

Toroidal Orientifolds from Intersecting D6-branes 

2.1 Preliminaries 

In string models from intersecting branes chiral fermions get localized in the intersection 
between branes. Lets us describe in some detail one such construction that involves four 
dimensional intersecting brane models coming from toroidal orientifolds of type IIA [3] 
theory. Consider IIA theory with D9-branes with fluxes compactifled on a six dimensional 
torus, which is acted upon the worldshcct parity Q. Performing a T-duality on the 
x^,x^,x^ compact directions the worldshcct parity action symmetry is mapped to QR, 
where the action R : z ^ z and the D9-branes with magnetic flux F get mapped to 
D6-branes intersecting at angles 9 = tan~^^^^ , where {naiiria)^ the number of times 
the D6-brane a is wrapping a one cycle on the i-th two torus. The VlR action introduces 
an VLR image of the D6-brane that is wrapping the cycle (n, — m). The introduction of 
discrete B-fleld [23] tilts the torus and maps the wrapping numbers according to the rule 
(n, m) (n, m + {n/2)). For this reason we introduce K-stacks of A^o, a — 1, ...K of D6- 
branes wrapped on (n^, m^) cycle on the i-th two torus. The net number of chiral fermions 
localized in the intersection between the branes a, h and a, h* is then given respectively ^ 

la, = [n„]-[n,] = n(n>^-<m^), 

i=l 

= [Ua]-[Ul] = -n(« + «), (2-2) 

i=l 

for open string states starting from brane a and ending on brane b. Such a state belongs 

to a bifundamental {Na, Nb) of the gauge group, c.g a left handed quark. Chirality is 

'^Thc intersection number is the product of the homology classes of the D6a-branes Ha and their 
orientifold images 11* , where we define the homology classes of the three cycles [a^], [fej] of the ith-torus 
as 

3 3 

[Ha] = llKiai] + mlM, [IlaA = li^KH - mlM (2.1) 



defined by choosing an intersection sign, negative sign implies right handed particles. 
The spcctnim of toroidal orientifolds could also accommodate fermions in the S + A 
representations of the gauge group. A gauge group U(N) appears from sectors that 
involve open strings that start and end on the same stack of N coincident branes. If a 
brane is its own orientifold image then an Sp(2) gauge group can appear. 



Sector 


Multiplicity 


Representation 


aa 


3 


U{Na) vector multiplet 
Adj. chiral multiplets 


a{b) 


lab 


(□ajDb) fermions 


a{b') 


lab' 


{Ha, Ob) fermions 


a{a') 


Am\mlml{nlnlnl - 1) 
Amlmlml{nlnlnl + 1) 


1 1 1 fermions 
2 fermions 



Table 1: General spectrum on D6-branes at generic angles (namely, not parallel to any 06-plane 
in all three tori ) in toroidal orientifolds. The models contain additional non-chiral pieces in the 
aa', ab, ab' sectors with zero intersection, if the relevant branes have a parallel direction. The 
latter could become massive in principle when SS breaking is included. 

The above rules of determining the gauge group and chiral spectrum are not enough 
when deriving an extension of the Standard Model from a string compactification. An- 
other consistency condition that may be satisfied by the D6-branes wrapping the compact 
space are the RR tadpole cancellation conditions for compactifications which is the can- 
cellation of the RR charge in homology 

J2Na[Ila] + E^aPaJ = 32[nOe] (2.3) 

a a 

for the D-brancs and the their orientifold images and their 0-planes. For four dimensional 
compactifications of type IIA on toroidal orientifolds with D6-branes intersecting at angles 
they are given by 

5] Nanlnlnl = 16, 

a 

J^Nanlmlml = 0, 

a 

^"The sector denoted as aa' in table (1) also involves intersections of the a-brane with the orientifold 
06 plane. 



Y^Namlnlml = 0, 

a 

Y.Nam\mlnl = (2.4) 

a 

Another consistency condition which affects the chiral spectrum is the existence of 
some amount of supersymmetries carried out by the D-branes. 

The notation for supersymmetries shared by the intersections and the orientifold planes 
is as follows. A pair of intersecting D6-branes that wraps across the factorizable tori 
and having angles 9i across the , i=l,2,3 preserves N=l supersymmetry if 

± ^1 ± ^2 ± ^3 = (2.5) 

for some choice of the signs, where the angles 9i are the relative angles between a pair 
of branes across the three 2-tori. Wc distinguish the different susys shared by the branes 
and the orientifold planes by the sign choices 

n = (^)(- + +-) 

n = (^)( ) (2.6) 

which correspond respectively to the angles choices 

- ^1 + ^2 + ^3 = 0, 
+ 61-62 + 63 - 0, 

+ 61 + 62-63 = 0, 

+ 61 + 62 + 63 = . (2.7) 
The masses of the lightest scalar states appearing in the NS sector in an intersection are 

= ^(- 6, + 62 + 63), w? = ^{61 - 62 + 63), 

= ^{6, + 62 - 6s), - ^(1 - 1{ 6i + 62 + 6^)) . (2.8) 

At present there are three ways to embed the Standard Model (or the MSSM) gauge 
group and spectrum into a unitary or symplectic configuration. 

^^We follow the relevant discussfon in [19]. 



They are classified according to the "observable" gauge group that appears at the string 
scale and they are grouped into three classes of models, namely the first one (2.9), (2.10); 
the second class (2.11), (2.12) and the third class (2.13) which read 
• 

C/(3)e X C/(2)i X C/(l)"; n = 2,3,4 (2.9) 
C/(4)e X U{2)l X U{2)r X U{ir; 0, (2.10) 

and 

U{3)c X Sp{2) X U{1) X U{1) , (2.11) 
C/(4)c X Sp(2) X Sp(2) (2.12) 

and 
• • • 

t/(4)e X Sp{2)l X U{2)r, or U{4)c x U{2)l x Sp{2)r, (2.13) 

The first class of three generation models, namely (2.9), (2.10), uses only bifundamen- 
tal fields for the chiral field description of the open string spectrum and treats the weak 
group SU{2)l as the one coming from the decomposition U{2) D SU{2)l x U{1). 
Such constructions have been discussed in the context of non-supersymmetric construc- 
tions with the chiral spectrum of the SM at low energy in [14] (n=2) for four-stack models 
and in [16, 17] (n = 3, 4) respectively for related constructions that represent the maximal 
SM embedding in the five- and six-stack extensions of [14] respectively. On the other 
hand the Pati-Salam [53] embedding (2.10) was discussed in the construction of non- 
supersymmetric GUTS in [15]. The SM embedding [14, 16, 17, 15] follows a bottom-up 
approach in the sense that they embed anomaly free configurations that describe the SM 
chiral spectrum [14, 16, 17, 15] into overall N=0 non-supersymmetric string models 
with complete cancellation of RR tadpoles. Hence these are genuine string models 
embedded in four dimensional toroidal orientifolds of type IIA theory with intersecting 

^^N=l string models will not bo mentioned explicitly in the following considerations but we will com- 
ment where necessary. In general these models are not very appealing at the moment as they are full of 
extra beyond the MSSM exotics which survive massless to low energies. At present there is no know way 
to get rid of these exotics in any N=l construction that involves D-branes intersecting or not. 

^^See [56] for RG gauge group studies of non-string models in a D-brane inspired context. 

-'^''An embedding that localizes the chiral SM spectrum have been also found in compactifications of 

[18] or Z3 X Zs [50] orientifolds of type IIA using intersecting D6-branes. In this case the SM is made of 
mixtures from bifundamental and antisymmetric representations. 



D6-branes [3]. These models have a stable proton, as baryon number is a gauged symme- 
try and the corresponding global symmetry survives to low energy as the corresponding 
gauge boson becomes massive, while in some of these models neutrinos get masses from 
quark condensates (QCs) [14], [15] (for recent discussions on QCs see [68]). 

In the second class of models, namely the constructions given by (2. 11), (2. 12), where 
three generation non supersymmetric constructions are realized, the weak SU (2) l gauge 
symmetry is delivered within an Sp{2) = SU{2) factor. In this case, also the left-right 
construction utilizes the SU{2)r factor as an Sp{2)r. 

Lets us note that while the non-supersymmetric (non-susy) models of the first class (2.9), 
(2.10), are useful in deriving the Standard Model spectrum, non-susy models of the second 
class (2.11), (2.12), are useful to build the MSSM intersection numbers that are associ- 
ated with the N=l chiral multiplet spectrum of the MSSM [24, 25, 26] in the context of 
a non-supersymmetric string construction. Models of those types have been discussed in 
[24, 25, 26] and at present they do not satisfy RR tadpoles. The purpose of his work is 
to bridge this literature gap and to show that the embedding of these models in a string 
construction is possible; so that model building will be elevated from the local [24, 25, 26] 
to a string level. 

The third class of constructions seen in cqn. (2.13), do not exist in the context of non- 
supersymmetric string constructions from intersecting branes and the embedding of the 
three generation Pati-Salam non-susy constructions - into a toroidal orientifold compact- 
ification of type llA with intersecting D6-branes [3] - which localizes the MSSM chiral 
multiplet spectrum may be described in [26]. 

We mention that N=l constructions from intersecting D6-branes where part of the gauge 
group is as in eqn. (2.12) have been considered in [65] in the presence of only RR and NS 
fluxes. Unfortunately, at present there is no either compactification or known way to get 
rid from the rich varieties of extra chiral fields that appear in all N=l 4D supersymmetric 
models from intersecting D6-branes with or without general fluxes. Also other MSSM- 
like N=l constructions with the gauge group as in (2.12) have been considered [57] in the 
context of Gepner-type IIB orientifold compactifications. 

Explicitly, the first attempt to localize the MSSM within string theory D-brane non- 
supersymmetric models has been initiated in [24, 25] where only the intersection numbers 
- in the absence of a discrete NS B-flux - that locahze the spectrum of the MSSM were 
provided (in a four stack construction) as they are seen in table (2). These wrappings 

^^In N=l models the MSSM chiral spectrum appears as part of the spectrum but such attempts produce 
exotics surviving massless to low energies. 





{nl, ml) 


{nl mf) 






(1, 0) 


3p) 


(l/p, -3p) 


Nb = 1 


(0,1) 


(1, 0) 


(0, -1) 


Nc = l 


(0, 1) 


(0, -1) 


(1, 0) 


Na = 1 


(1, 0) 


3p) 


-3p) 



Table 2: D6-brane wrapping numbers [24, 25] with orthogonal tori that gives rise to a three 
generation N=l MSSM spectrum via the Pati-Salam S'C/(4)c x SU{2)l x SU{2)r gauge group. 
The general solution to the intersection numbers is parametrized by the a parameter p = 1, 1/3. 



Ni 


in], ml) 


{nl ml 


(.nl ml 




(1, 0) 


(l/p, 3pe/3i) 


(l/p, -3pe/32) 


Nb = l 


(0, ee) 


0) 


(0, -e) 


N^ = l 


(0, e) 


(0, -e) 


(e7/32, 0) 


Na = l 


(1, 0) 


(l/p, 3pe/Ji) 


(l/p, -3pe/32) 



Table 3: General D6-brane wrapping numbers [26] that gives rise to a three generation N=l 
MSSM spectrum via the Pati-Salam SU{A)c x SU{2)l x SU{2)r gauge group when e = e = 
+1, e = — e = +l. The general solutions to the intersection numbers are parametrized by two 
phases e = ±1, e ± 1, the NS background on the second and third tori respectively P2 and a 
parameter p = 1, 1/3. 

give rise to an C/(3) x Sp{2) x Sp{2) x U{1) gauge group from the intersecting D6-brane 
stacks a, b, c, d respectively. Also the choice of parallel stacks in table (2) suggests the 
gauge symmetry enhancement C/(3)a x U{l)d — > C/(4) by turning on suitable vevs for the 
adjoint multiplets of the model. However this choice do not satisfy RR tadpoles in the 
simplest of the string constructions that is toroidal orientifolds T^/QR of IIA [3]. 
The four stack intersection number configurations of table (2) have been generahzed in the 
presence of the discrete NS B-flux in [26] hence suggesting the maximal five and six stack 



extensions of table (2), again in the absence of any solutions to RR tadpole cancellation 
conditions; they are shown in table (3). The latter solutions depend on several parameters, 
the NS-B-fields j3i, of the second and third tori; the phases e, e that can take the values 
±1 and the parameter p = 1, 1/3. 

Notice that the solutions of table (3) for the special values of the parameters 

/?i = /?2 = l, e = e = l, p=^ (2.14) 

with all the tori orthogonal, as they appear in the RR tadpole solution of the Pati-Salam 
models of table (7), reproduce in the top part the wrappings numbers of the MSSM Pati- 
Salam embedding of [24, 25] and also for the values of the parameters (2.14) the observable 
Pati-Salam sector embedding of the MSSM intersection numbers of the IIB MSSM-like 
fluxed embedded model of [40] . 

Explicitly, the starting gauge group for the parameter values (2.14), is an 

U{4), X Sp{2)l X Sp{2)n (2.15) 

where the first stack of D6-branes gives rise to a C/(4)c factor, the second stack to an 
SP{2)l = SU{2)l gauge group and the third stack to an SP{2)ii = SU{2)ji gauge group, 
since the branes b, c are invariant under the ilR action. The spectrum associated with 
the parameters (2.14) is seen in table (4). By adjoint splitting of the U(4) factor we 



Matter 


SU{A) X Sp{2)l X Spi2)R 




Qa 


SYSY 


Fl 


3(4, 2, 1; 1, 1) 


{ab) 


1 


r4 


Fr 


3(4, 1, 2; 1, 1) 


(ac) 


-1 


rA 


h 


^(1' 2, 2; 1, 1) 


(be) 





ri,r4 



Table 4: Chiral spectrum of a 3-stack D6-brane Pati-Salam extension of the MSSM with three 
generations of chiral multiplets. We have chosen /9=l/3, e = e = l, /3i = /32 = lin table (2). 

get an C/(3) x U{l)d - which could be identified with U{1)b-l - thus recovering a left- 
right extension SU{3) x SU{2)l x SU{2)r x U{1)b-l- Subsequently by also considering 
arbitrary positions and Wilson fines for the c D6-brane (see also [25]) SU{2)r — > C/(l)c, 
the original Pati-Salam model of table (4) gives rise to the MSSM spectrum of table (5) (as 
the spectrum exhibits N=l supersymmetry as we will comment below), where only the 

^^Represent deformations of the models of [24, 25] . 



Matter Fields 


Representation 


Intersection 


Qa 


Qc 


Qd 


Y 


Ql 


3(3,2) 


(a6), {ab*) 


1 








1/6 


Ur 


3(3,1) 


(ac) 


-1 


1 





-2/3 


Dr 


3(3,1) 


{ac*) 


-1 


-1 





1/3 


L 


3(1,2) 


(db), (db*) 








1 


-1/2 


Nr 


3(1,1) 


idc) 





1 


-1 





Er 


3(1,1) 


[dc*) 





-1 


-1 


1 


Hd 


/3.'/3.(l'2) 


(c6*) 





1 





-1/2 






[rh) 





-1 





1/2 



Table 5: Chiral spectrum of the four stack D6-brane N=l Supersymmetric Standard Model 
with its ^7(1) charges. The general form of the spectrum for non-trivial tilding along the second 
and third torus has been reproduced from [26]. For /3i = = 1, it gives the local MSSM-like 
models of [25]. 

hypercharge 

C/(l)^ = ^Qa - \Qc - \Qd (2.16) 

survives the Green-Schwarz mechanism massless to low energies 
Lets us now describe some properties of tables (2), (3), (4), (5). 

• Tables (2), (3): The intersection numbers are lab — 3, Ibc — 3, give rise to the usual 
multiplets of the Pati-Salam G422 structure that accommodates three generations 
quarks and leptons into the following representations 

Fl = (4,2,l) = ?(3,2,^) + Z(l,2,-^) = (^,d,0 

Fr = (4, 1, 2) = u\2,, 1, ~) + 1, i) + e^(l, 1, 1) + 7V^(1, 1, 0) = « ci^ T) 

(2.17) 

The quantum numbers on the right hand side of (2.17) correspond to the decompo- 
sition of SU{4:)c X SU{2)l X SU{2)r under 5f/(3)c x SU{2)l x f/(l)y; / = (i/, e) 
the lepton doublet of the SM and l"^ = {N'^, e^) the right handed leptons. 

• Table (3): Note that the brane b- wrappings give rise to either the group Sp(2)b, 
when the brane b is its own orientifold image as happens in the case e — e — 

e = -e = +1. 



• Tables (3), (4): The spectrum exhibits N=l supersymmetry as long as the following 
susy condition holds 

AX2 = /32X3 ■ (2.18) 

Also notice that the branes separately, share some susy with the orientifold plane 
as seen in table (4). 

• Tables (3), (4), (5) : The Higgs sector arises from open strings stretching between the 
branes b, c. The branes b, c are parallel in the first tori giving rise to a non-chiral 
sector with N=2 supersymmetry. Note that the intersection number Ibc vanishes 
thus the net chirality in this sector is zero. Hence we recover from this sector 
l/(/3i/92) chiral multiplets in the (2, 2) representation of SU{2)l x SU{2)r. When 
breaking the SU{2)ji — > C/(l)c by adjoint breaking or else, one (2, 2) multiplet will 
split into two N=l multiplets (2, 1), and (2, -1) under SU{2)b x C/(l)c which are 
identified as the MSSM Higgs multiplets H^,. Hence after the breaking of the 
left-right symmetry, we will get l/(/3i/32) HJs and an equal number of N—1 
multiplets, which gives us three (3) versions of the MSSM with one (1), two (2) and 
four (4) pairs of N=l Higgs multiplets Ha- 

• Global symmetries of the SM could be identified with some of the U(l)'s appearing 
in table (5). Hence the baryon number may be identified as 3B — Qa, lepton 
number L — Q^. As a result of the couplings of the U(l)'s to RR fields since baryon 
number is a gauged symmetry and the corresponding gauge boson is getting massive; 
proton is stable perturbatively. Issues on proton stability in intersecting branes can 
be found in [28, 29, 30, 31, 32]. 

Summarizing the number of Higgs multiplets which depends on the number of tilted 
tori reads 

1, Pi =^2 = 1 

2, (A, (32) = (1, 1/2) or (A, P2) = (1/2, 1) (2.19) 
[4, A = /52 = 1/2 . 



P1P2 



where Xi = ^2/^1 the complex structure moduli in the i-th torus. 



3 Embedding the MSSM in a Pati-Salam String Compactifica- 
tion 



The local construction [25], [26] of tables (2), (3), (4), (5) respectively, represent the 
observable Pati-Salam (PS) extension of MSSM that in this section may be embedded 
globally in a 4D toroidal IIA orientifold string compactification since RR tadpoles will be 
shown to be cancelled appropriately. At this point we introduce a new way to cancel RR 
tadpoles. 

• The observable sector O made of a, b, c, d D6-branes seen in table (4) is made from 
intersections that localize the MSSM chiral multiplets and where all intersections respects 
the same N=l supersymmetry. We now cancel the RR tadpoles (2.4) by the addition of 
an extra sector that respects a A^' = 1 supersymmetry and is made from the branes 
^1,^2,^3,^4,^5 and which it is different than the N=l respected by the "observable" 
Pati-Salam MSSM sector. 

• The wrapping numbers of the extra sector can be seen in table (6). Observe that a 
number of extra branes hi, h2, .., hr, have to be added to cancel RR tadpoles. From these 
branes, only the h^, /i4 one's have a non-zero intersection number with the observable 
sector branes on all three tori and thus have extra net chiral exotic fermions localized in 
their intersection. Also we notice that since all intersections preserve either a A^ = 1 or a 
N' — 1 supersymmetry, each fermion will also accompanied by its massless boson part of 
the chiral multiplet. Non-chiral matter from sectors where the branes are parallel in some 
tori may be made massive as we discuss shortly. These RR tadpole solutions generate a 
PS embedding of the MSSM which may be studied in detail in the next section. 

3.1 Three generation Pati-Salam models with a Messenger Sec- 
tor 

We will now derive unique PS string vacua where all the extra exotics become massive. 
In the wrapping numbers of table (3) we set e — e. The solution to the RR tadpoles may 
be seen in table (13) where the p parameter takes the value 1,1/3. 

Substituting on table (13) the value p — 1/3, we obtain in table (7) the much wanted 
solutions to the RR tadpoles for the local construction of [25] . The chiral spectrum can 
be seen in table (8). The observable gauge group under which chiral fermions exist is 



C/(4) X U{2\ X t/(2)e X U{l)n, x U{l)n, 



(3.1) 



Ni 






(nf, mf) 


G.G. ->e = +l 




(1, 0) 


(3, e/3i) 


(3, -e/32) 


C/(4) 


Nb = l 


(0, 1) 


0) 


(0, -e) 


5p(2) 


Nc = l 


(0, e) 


(0, -e) 


(e//32, 0) 


5p(2) 


iVfti = 36/?i/32 


(1, 0) 




(1//32, 0) 




= 4/3i/32 


(1, 0) 


(0, e) 


(0, e) 




Nh^ = l 


(0, 1) 


(IM, 0) 


(0, e) 




7V^4 =1 


(0, e) 


(0, e) 


(e//32, 0) 






(1. 0) 




(l/.?2- ()) 





Table 6: Solution to the RR tadpoles for toroidal orientifold models. The N=l MSSM chiral 
spectrum arises as part of Pati-Salam models in the top part of the table from intersections 
between a, b, c, d branes. Messenger multiplet states respecting a AT' = 1 supersymmetry arise 
from the intersections of the a, d branes with the /i3, /i4 branes. We have set p = 1/3, e = e in 
table (3). 

or equivalently 

SU{i) X U{l)a X SU{2), X SU{2), x U{l)h, x U{l)n, , (3.2) 

where the SU(2)'s come from Sp(2)'s; the chiral spectrum can be seen in table (8). and the 
gauge group (G.G) transformations and charges are under the (3.1) G.G. In the top part 
of table (8) we find the usual Pati-Salam part that embeds the MSSM chiral spectrum 
while the extra sector that cancels RR tadpoles is seen in the bottom part. 
The branes, namely /ii,/i2,^5 have no net chiral particle context with the rest of the 
branes and thus they constitute a "hidden" sector. Also the rest of gauge group factors 
associated with the "hidden" branes hi, /i2, ^5 do not give rise to chiral particles as they 



have no intersections with the Standard model particles and the rest of the branes. As 
we will see later the non-chiral matter arising from these brancs is made massive by the 
introduction of Scherk-Schwarz deformations. Regarding the notation of the gauge groups 
related to the hi,h2, stacks we have considered that each one of these stacks is made 
from single stacks. To this end, non-chiral states that are coming from hihijh^h^jhih^ 
intersections should be properly considered as corresponding to the intersections hihl, 
hlhl h{hl where j = 1, 36/3i/32, v ^ 1, .., 16/3i/32. 

• Neutrino Masses 

The bi-doublet "h" Higgs multiplets of table (8) may be used in the process of elec- 
troweak symmetry breaking as the relevant Yukawa read 

FlFrH = v{uu'' + vN) + v{d(f + ee") , h = diag{v, v) (3.3) 

giving masses to the up-quarks and neutrinos. 

• Gauge mediation 

The extra sector that is needed to cancel RR tadpoles introduces a vector-like sector 
that plays the role of the messenger supersymmetry breaking sector of the gauge medi- 
ated models [35] and transforms under the observable O and the extra h = {hi, h^} 
sectors. The messenger extra sector needed for the RR tadpole cancellation is anomaly 
free and possess a different N=l supersymmetry that the one respected by the top MSSM 
embedding. Lets us mention that the spectrum at the top of table (8) for f3i = [32 = 1, 
recovers the observable local MSSM spectrum of [24, 25] and also the "observable" sector 
of the MSSM spectrum of [40]. However, in our case the messenger exotic multiplets may 
become massive. 

The questions that at this point remain are : 

a) in which way we can get rid off the chiral fermions that appear in the messenger sector 
and which make vector-hke pairs of N=l multiplets with respect to the "observable" SM 
SU(3) X SU(2)„ U{1)y 

b) how we can get rid off the adjoint fermions and gauginos that appear from brane-brane 
sectors 

c) the non-chiral non-adjoint fermions that appear in intersections where the different 
participating intersecting branes are parallel in at least one complex plane. 











G.G. ->e = +l 


iVa = 4 
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(3, 1) 


(3, -1) 


C/(4) 


Nb = 1 


(0, 1) 


(1, 0) 


(0, -1) 


Sp{2) 
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(0, 1) 


(0, -1) 


(1, 0) 


Sp{2) 


N^i = 36 


(1, 0) 


(-1, 0) 


(1, 0) 






(1, 0) 


(0, 1) 


(0, 1) 




Nh^ = l 


(0, 1) 


(1, 0) 


(0, 1) 






(0, 1) 


(0, 1) 


(1, 0) 


m 


A^,,-, = If) 


(1. 0) 


(1. 0) 


(1. 0) 





Table 7: Solution to the RR tadpoles for the toroidal orientifold models of [25]. The N=l MSSM 
chiral spectrum arises as part of Pati-Salam models in the top part of the table from intersections 
between a, b, c, d branes. Messenger multiplet states respecting a AT' = 1 supersymmetry arise 
from the intersections of the a, d branes with the hs, branes. 

3.2 Mass couplings for chiral fermions - in the Messenger Sector 

Before discussing in this section the mass couplings of the extra chiral fermions that 
make vector- like exotics of table (8), let us examine the sector formed from open strings 
stretching between the branes /13, h^. It is easy to see that in this sector the intersection 
number Ih^hi vanishes and also that the N=2 supersymmetries preserved by this sector 
are the r2iT^. This implies - since also these is no gauged hypercharge for this multiplets 
- that this sector acts as the usual Higgs sector between the b, c branes and the net 
number of chiral fermions in this sector is zero. Hence there are 1 / {(3i(32) equal numbers 
(the intersection number across the remaining non-parallel tori ) of the N=l massless 



Matter 


Repr. 


lij s 


Qa 


Qh3 




SYSY 




Fl 


3(4, 2, 1; 1, 1) 


(ab) 


1 








7-4 




Fr 


3(4, 1, 2; 1, 1) 


(ac) 


-1 












h 


2> 2; 1, 1) 


(6c) 
















q\ 3(4, 1, 1; 1, 1) (a/13) -110 n 



ql 3(4, 1, 1; 1, 1) (a/i3*) -1 -1 n 



ql 3(4, 1, 1; 1, 1) {ahi) 1 -1 n 



3(4, 1, 1; 1, 1) (a/14*) 1 1 ri 



Table 8: Chiral spectrum of the Pati-Salam D6-brane N=l Supersymmetric Standard Model. 
The bottom part, that includes the massive N' = 1 messenger fields that communicate su- 
persymmetry breaking to the visible N=l sector, completes the missing RR canceling sector 
of [24, 25]. Note that the notation L,R at the bottom of the table is related to chirality and 
p = 1/3, e = e = 1. 

multiplets 

/iS = (1, 1, 1; 1, l)(o;i,-i) , /ig = (1, 1, 1; 1, l)(o;-i,i) , (3.4) 

where the brancs arc parallel across the first tori^^. These fermions are singlets under the 
SM gauge group and thus can receive vevs. Observe the rather striking fact that these 
Higgs multiplets that help us to get rid of the extra vector-like exotics are equal in number 
to the usual MSSM multiplets H that appear between the b, c branes and their number 
depends also on the shape of the tori of the compactification. 

The chiral messenger fermions on the bottom part of the of table (8) can obtain Dirac 

^^Where the notation regards the gauge group representations 51/(4) x SU{2)l x SU{2)ji x U{l)h3 x 
[7(1)^4 and charges follow the table (8). 



masses from the following superpotential couplings 

(?r)(-1;1,0) (9i)(l;0-l) hf} , (g^)(_i;_i,o) (gl)(l;0,l) ^34 (3-5) 

The /i34 , hf^ , represent flat directions in the effective potential. By - assuming - that their 
scalar components receive a vev all messenger multiplets become massive and disappear 
from the low energy spectrum. At this point - the models are at the string scale - the 
observable gauge group is that of (3.2), and the massless chiral multiplet fields are those 
of the top part of table (8) and also present there are non-chiral multiplets and the adjoint 
multiplets. Next we discuss how the non-chiral multiplets become massive. 

3.3 Masses for non-chiral fermions 

All non-chiral fermions in the present Pati-Salam models get massive from the combined 
use of fiat directions and Schwerk-Schwarz (SS) deformations. 

Non-chiral fermions (NCM) arise in sections that branes are parallel in at least one 
tori direction in some complex plane. The introduction of SS deformations in directions 
parallel to the directions that the intersecting D6-branes wrap give masses to non-chiral 
fermions that have odd n- "electric" wrapping numbers [61] in any representation. In this 
work, we introduce SS deformations in all three complex tori. We will examine the case 
that all the tori are not tilted, /3i = = 1- 

NCM's in sectors aa, aa*, bb, 66*, cc, cc*, h^}i\ h''h''*, 1=1,2,3,4,5 get a mass from SS 
deformations from n- wrappings that arc odd in at least one tori, namely the first, first, 
second, second, third, third, first, first, first, first, second, second, third, third, third, third 
ones respectively. 

• Masses for NCM's in messenger sector 

There are also NCM from the sectors ah^, ah^*, ah'^, ah'^*, ah^, ah^*, bh^, bh^*, bh'^, bh'^*, 
ch^, ch^*, ch^, ch** , where the participating intersecting branes (PIB's) are parallel in the 
first tori; bh^, bh^*, bh^, bh^*, bh^, bh^*, ch'^, ch'^*, ch^, ch^*, where the PIB's are parallel 
in the second tori; bh"^, bh"^*, bh^, bh^*, ch^, ch^*, ch'^, ch'^*, ch^, ch^*, where the PIB's are 
parallel in the third tori. All these NCM's get masses - from SS deformations as they 
have odd n's - but the ones from the intersections bh"^, bh'^, ch'^, ch^' (and their oricntifold 
images) that appear in table (9). The latter ones's could get masses from tree level fiat 
directions. 
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Table 9: Non-chiral multiplet states from Pati-Salam models that also persist in their - by 
adjoint breaking - L-R symmetric models of section (4). The bottom part of the table includes 
the orientifold images of the top part multiplet states. 

The following allowed superpotential couplings 

W ~ ki^i ^4 h^S + ^3 h^23 + ^^'3^5 ^8 ^^24 + ^^4^6 ^7 ^^23 

+ k^Qg Qi2 + ^6^10 ^11 + /Cyl^ia QiQ /I23'* + ^8^14 ^15 (3-6) 

generate Dirac masses for the fermion pairs r^]^r^4, ^2^3} ^5 ^6^7? ^9^125 ^lO^ll? 
Q13Q16, Q14Q15. We have used the notation hfj where by i, j we denote the N=2 multiplet 
appearing in the intersection between the branes /i' and . By the superscript I when 
I — 1, I — 2 we denote the states associated with the positive, negative intersection 



numbers Iij respectively. Also ki are numerical coefficients that can be calculated by the 
use of string amplitudes and give rise to Yukawa couplings for fermions in the effective 

(2) 

theory. Lets us consider for example the superpotential term 0,4 involving the 
multiplets /i24 that respects a N=2 susy. The Vti represents a N=l multiplet preserving 
the supersymmetry r2\ represents a N=2 multiplet preserving the supersymmetries 
f2-,fz'-i h^i is preserving the susys r2,r4; they all share the common N=l susy r2- 
Also all gauginos and also adjoint multiplets get massive as the SS deformations act in 
all tori and there are odd rii in all branes in at least one tori direction. Hence, only the 
observable MSSM multiplets seen at the top of table (8) remain massless at the string 
scale. 

• Breaking to the MSSM 

The initial U(4) gauge symmetry breaks to SU (4) x U (!)„. The U (1)^ gauge symmetry 
is getting massive from its couphngs to RR fields and subsequently the S'C/(4) x SU{2)l x 
SU{2)]i symmetry breaks with the help of the Higgs multiplets states - locahzed in the 
intersection ac* 

(4,1,2), (4,1,2) (3.7) 

to the SU{3) X SU{2)l x t/(ly. We notice that 5C/(4) breaks to SU{3) x U{1)b-l 
and SU{2)r to by (3.7). We also note that the non-chiral multiplet states of table (9) 
also appear in the left-right models of the next section - with the addition of non-chiral 
states states that are formed between the intersections of the d- U(l) brane and the other 
branes - and they get masses from the same mechanism described in this section. 

4 Flow to three generation Left-Right Symmetric Mod- 
els and the MSSM 

We have seen that three generation Pati-Salam (PS) models of the previous section can 

have all its chiral and non-chiral states (beyond the MSSM) made massive leaving only 

the usual Pati-Salam spectrum at Mg and the SM at low energies. In this section, the 

breaking of these PS models to a three generation left-right SU{?>) x SU{2)l x SU{2)r 

(L-R) symmetric model with all its exotics made massive and the subsequent breaking of 

^^See also [15] for the breaking of Pati-Salam models that have sextets in their spectrum; also 2nd ref. 
of [2] for the breaking of the PS MSSM-like models in the context of Z2 x Z2 orientifolds with intersecting 
D6-branes, where however massless exotics also survive to low energies. 



the L-R to the SM is described. 



• Pati-Salam adjoint breaking to left-right symmetric models 

The L-R model can be derived from the Pati-Salam models of the previous section by 
considering the adjoint breaking of the C/(4)c — > U{3)c x U{l)d- The spectrum of these 
models can be seen in table (10) for e = e = 1 and p — 1/3 while the U(l)'s appearing in 
tables (10), namely Qa, Qd are the U(l)'s that are inside U(3), U(4) respectively. 
After examining the Green- Schwarz couplings 

n'^n^m^ J A Fa, UanaUa J C° A Fa A Fa, n^m'^m^ j & AF AF (4.1) 

we find that the mixed U(l) gauge anomalies cancel since the following couplings of the 
RR fields to U(l)'s exist : Bl A (3e/52)(3F„ + F^); (3e/3i)(3F„ + F^) A Bl We find that 
the surviving massless the Green-Schwarz mechanism U(l)'s are the 

C/(l)(3) = - F^* , C/(l)(^) = F^^ + F^^ (4.2) 

and the hypercharge 

Qy = C/(l)(^) = (1/6) Fa - (1/2) Fa (4.3) 

In table (10) we can see the hypercharge assignment of the left-right symmetric models. 
[In appendix A there is a different hypercharge assigment for the left-right symmetric 
models which breaks to the SM at low energies and also possess massive chiral and non- 
chiral exotics.]. The ^7(1)^^), ^/(l)^^) may be broken by vevs of the gauge singlets 
respectively. 

• Global symmetries 

The global symmetries that exist in the Standard Model do exist in the left-right sym- 
metric models and get identified in terms of the U(l) symmetries set out by the D6-brane 
configurations of table (10). Hence baryon number (B) is identified as Qa = 5B and the 
lepton number (L) could practically identified 8iS Qd — L as the i?-antimatter multiplet 
states accommodate both the right leptons. 

Note that the spectrum of table (10) is also valid for non-zero NS B-field, that makes 
the tori tilted along the second and the third tori^°. We also note that the higgsino N=l 
multiplet states Hu, are part of the non-chiral spectrum in the be, be* sectors respec- 
tively and they belong to of a (2,2) representation of SU (2);, x SU (2)c. The superpotential 

^"As it is already included in the solutions to the RR tadpoles. 
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Table 10: Chiral spectrum of the four stack D6-branc N=l Supcrsymmctric Left-Right Symmet- 
ric Standard Model. The bottom part includes the massive messenger fields that communicate 
supersymmetry breaking to the visible N=l sector. Note that the notation L,R at the bottom of 
the table is related to chirality. The gauge group is U (3)a x Sp{2)h x Sp{2)c xU{l)Nf^ x [/ (l)Ar^ • 



part describing the generation of masses in the "observable" part reads 

~ h QLH{iT2)QR + h LH{iT2)R (4.4) 

where li, I2 may be determined by string amplitudes [5]; ir2 is used for conventional 
reasons in relation to the SM physics (see for example [70]). The representation content 
of the SM matter is accommodated as 

where the Higgs fields are accommodated as 

hJ*" ) (4.6) 
and may obtain vevs as = Ui, (^22) ~ '^2- 



• Masses for non-chiral matter (NCM) 

NCM for the present L-R models appears in bifundamentals arises in ad, ahi, a/i2, 
a/i5, dhi, dh2, dh^, hih2, hih^, /i2^5 sectors and it is getting massive by the in- 
troduction of SS deformations as described in the previous section. The left-right 
symmetric models have - compared to the Pati-Salam models of tables (8), (7), (6) 
additional non-chiral sectors coming from the ad, dhi, dh2, dh^ sectors. The latter 
extra matter is also getting massive by the introduced SS deformations in all tori 
as there are odd n-wrappings in at least one complex tori in each intersection. 

Other NCM that is also present arc the one accommodated in the states of table (9) 
which are getting massive from the same superpotential terms as the ones of eqn. 
(3.6) 

• Masses for the exotic vector-like multiplets in SUSY breaking messen- 
ger sector 

The present L-R models have also (as the PS models of the previous section) a stable 
proton as baryon number is a gauged symmetry. The most obvious phenomenological 
problem that any string model from D-brancs is facing is the presence of extra massless 
exotics that survive massless to low energies. 

In the present L-R constructions there arc superpotential mass terms for all the chiral 
beyond the MSSM fermions - namely the extra messenger exotics of the bottom of table 
(10) Qr, Qr, qh Ql, 4>r, 4>r, 4>h 4>R- They appear as follows 

Wmessenger = Xl q'r 4^ + A2 4 qI + A3 4>]i 4>l hf} + A4 4>l 4 4^ (4-7) 

The multiplets h!"^, h'^^ have a gauge singlet scalar direction. Assuming that it gets a vev 
the couphngs (4.7) helps the fermion pairs g]j qj^ q^, 4>r 0i, ^'r ^r to form massive 
Dirac mass eigenstates with masses respectively 

mi = Ai (0|/iiJ|0) , m2 = A2 (0|/iS|0) , = A3 (0|/iiJ|0) , 7714 = A4 (0|/iS|0) . (4.8) 

We note that the sector made of the H-multiplet preserves a N=2 SUSY. In particular 
it preserves the N=l SUSY preserved by the observable MSSM and also the N' — 1 
respected by the messenger sector. 

• Breaking to the MSSM 

^^We assume that our vacuum is stable locally 



In the L-R symmetric models of table (10), the gauge group SU{2)ji arises from the 
c-brane which is placed at a point of the moduli space where it is its own orientifold 
image. The breaking to the U{2)r — >■ U{l)c and thus the L-R symmetric models to 
the MSSM can be achieved by considering general positions and Wilson lines for brane 
c that correspond to geometrical separation along the first torus (where the branes 
are parallel) and Wilson hne " phases" along the one cycle in the first torus respectively; 
in turn they are associated to the real and imaginary part of the /x-parameter. It is is 
easily confirmed that in this case, the (2, 2) N=2 chiral mutiplet Qr gives rise to two 
N=l multiplets (2, 1), (2, -1) charged under SU{2) x C/(l)y that gets identified with Ur, 
Dr while the R multiplet in table (10) gives rise to Er, Nr as they appear in table (5). 
The extra messenger chiral sector remains the one given in the bottom of table (10); the 
corresponding states are getting massive once the /is], 1=1, 2 multiplets receive a vev. 
Thus at this stage - being at the string scale - only the MSSM multiplets, seen at the 
top part of table (5), survive massless. The only question remaining at this point is to 
show in which way the MSSM spartners receive masses after susy breaking. This may be 
achieved in the next section by the use of D-term breaking. 

4.1 D-term Supersymmetry breaking and Gauge Mediation 

In the usual N=l SUSY models of gauge mediation [35], the spectrum consists of the 
MSSM together with an extra hidden sector Gh that contains vector-like messenger par- 
ticles 4>H charged under the observable MSSM and the Gh gauge group. SUSY is 
broken in the hidden sector when a spurion superfield Xh gets a vev through the super- 
potential 

^(iv=i) ^ ^^^^ ^ ^h^hXh (4.9) 

and where the Wobs and the susy breaking part of the superpotential W respect the same 
N=l susy. In field theory terms, the squarks and sleptons get masses from two loop 
effects while gauginos get masses from one loop effects where messenger states circulate 
in the loops. On the other hand in the context of string theory models from intersect- 
ing branes it was argued in a field theoretical basis that in non-susy models - localized 
within 4D toroidal orientifolds of IIA with intersecting D6-branes - that exhibit the quasi- 
susy spectrum (By definition models where MSSM particles are subject to different N=l 
STi])orsymmotries) similar effects arc expected [19]. 

^^See also related comments [25]. 



The supersymmetry observed in the gauge mediated construction of table (10) can 
be broken by shghtly varying the complex structure of the models. In the low energy 
effective theory this procedure can be seen as turning on Fayet-Iliopoulos terms for the 
U(l) fields [19]. Such a procedure has been applied to quasi-susy models in [27]. In the 
present modes, which can avoid the non-chiral fermions once Scherk-Schwark breaking is 
included it appears that SS deformations do not affect the angles between the branes in 
the RR tadpoles. In general for two D6-branes, that exhibit N=l SUSY hmit at their 
intersction, the scalar potential contribution appears as 

yFI=^,(Zm' + ^af . (4.10) 

Lets us be more specific and consider a slight departure in the complex strusture of 
eqn.(2.18) that defines the supersymmetric limit 

/5lX2 = AX2 + K , (4.11) 

where ka « 1 and where ka could be also written as ka — PiPa, where Pa represents the 
actual variation in the complex structure. When the torus is untilted then ka = Pa- Lets 
us calculate as an example the angle between the D6-branes a, b along the second torus 
(seen in table (12). It is given by 

el = tan-' ((36/) tan-' {{Sep') P^X2) + ^ + 1',^'4^;^^)2 (4-12) 

= ai + 5„ , (4.13) 

where oi = tan-^Sep'' P1X2) : Sa = {{3€p')ka) / {1 + {Sep' /3iX2f) . 

• Universal squark and slepton masses 

We observe that all string (mass)^ of the squark and slepton masses are positive and 
hence colour and charge breaking minima may be avoided. The mass^ value of the Higgses 
does not get corrected by the variation in the complex structure (or the variation of the 
magnetic fields in the T-dual language with D9-branes and fluxes) but retains only its 
dependence on the distance between the parallel D6-branes in the second tori. We notice 
that between the SU(2) b, c branes there is a N=2 preserving sector which possesses two 
scalar Higgs states and also two fermionic Higgsino partners, all with masses^ at 
tree level. The masses of the Higgsinos depend on the distance I2 between the branes 

^^We use the D6-brane wrappings as they are seen in table (13) of appendix B. 
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Table 11: Angle structure between the D6-branes and the orientifold axis for the left-right 
symmetric model. We exhibit only branes that give rise to chiral matter structure. 

b,c which is a open string modulus and thus can be be made small. Furthermore, the 
sparticle masses get a universal value and as a result we expect that flavour changing 
neutral currents (FCNC) to be strongly suppressed The squarks and slepton masses 
seen in table (12) are the exact string expressions as they are calculated by the use of 
the appropriate mass operators (2.8). These masses could be calculated in the limit of 
small deviation in the complex structure of the second torus. In this case, one can also 
calculate the field theory limit of the supergravity (sugra) approximation ka « 1 (e.g. 
if for the radii Ri» R2) that is coming from Fayet-Iliopoulos (FI) terms and find that 
the string and sugra approximations of the scalar masses at the intersections coincide 
[19]. The string expression is more generic. Thus the scalar masses at an intersection 
between two branes coming in the limit of small variation in the complex structure could 
he understood as coming from FI terms in the effective theory. 



5 Split Supersymmetry in String theory and MSSM 

The Split supersymmetry scenario (SSS) [46] was proposed as an alternative possibility 

for generating a signal for LHC As in a global susy or supegravity context there is 

no underlying principle for constraining the mass of the particles, in the original SSS 

^^Universal soft terms masses for the sparticles also appear (as a result of the hypothesis of parametriz- 
ing the unknown susy breaking effects in the scalar potential expansion) on another occasion in string 
theory, in N=l heterotic orbifold compactifications of the heterotic string where the dilaton dominant 
source of susy breaking [69]; and also in models with fluxes - 1st ref. of [62]. 
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Table 12: Universal Squark and Slepton masses from Fl-terms in the Left-, 
model. 



•Right Symmetric 



appearance [46], it was assumed that spartncrs of the MSSM are massive at the UV 
high scale where supersymmetry is getting broken, while gauginos and Higgsinos are 
the TeV scale in order to retain the unification of the gauge couplings at the lO^*' GeV. 
Furthermore it was assumed [46] that one of the Higgs doublets of the MSSM is finely 
tuned to be light and below . Exactly at the same time it was argued that in the 
context of string theory split susy models should have slightly different characteristics 
respectively [48, 49, 50]. These properties that can still keep the nice features that are 
needed for realistic string model building are : proton stability, partial unification of two 
of the gauge couplings at the high scale [48, 49, 50] and either light gauginos [48]; and 
higgsinos that be either fight [48] or anywhere in the range to Ms[^^, 50]; and in all 
cases massive squarks and sleptons [48, 49, 50]. In stringy MSSM models of this work 
proton is stable as baryon number is a gauged symmetry. Next we discuss the rest of 
the Stringy Split SUSY cfiteriai, set out in [48, 49, 50] and which concern gauge coupfing 
unification of SU(3) and SU(2) gauge coupfings accompanied by appropriate Weinberg 
angle s\v?{6w) at the unification scale; it turns out that gaugino and higgsino masses are 
different from the standard split sysy scenario of the local theory [46] . 

5.1 Gauge Coupling Unification 

Nesessary ingredient of any split theory is that the successful prediction of unification 
of gauge interactions [46] is retained. In [47], based on examples on D-brane inspired 
models, it was argued that models of split susy in a string theory content should also 
accommodate the successful GUT prediction sin^{9w) = 3/8 with equal SU(3) and SU(2) 
gauge couplings at the unification scale. Explicit realizations of non-supersymmetric string 
models with intersecting D6-branes where si'u?{9w) = 3/8 and equality of SU(3) and 
SU(2) gauge couplings had appear in [49], [50]. The latter models are based on x 
orientifold compactifications of type IIA theory. These models are non-susy and have no 
supersymmetry preserved at the different intersections in sharp contrast with the models 
presented in this work where the appearance of N=l susy on intersections is explicit. In the 
present models before the breaking of the left-right symmetric models to the MSSM at M^, 
the gauge group at the observable sector is an SU (3)^ x Sp{2)y/ x U{l)a x U{l)dx SU (2)^. 
When all the tori along the three complex dimensions arc orthogonal the unification of the 
gauge couplings of the "observable" SM spectrum is described by the wrappings numbers 
of the top part of table (7) when f3i = = I, and has been studied in [36]. In this case 
it was found that sin^lOw) = | at the string scale as in SUSY SU(5). 



In this section, we study the gauge couphng unification of the MSSM's coming from 
the breaking of SU{4:)c X SU{2)w x SU{2)r; the tori could be also tilted. The general 
background is a four dimensional IIA orientifold compactification on a six dimensional 
tori in the presence of D6a-brane wrapping at angles on a general factorizable 3-cycle 
described by the wrappings (n, m)a. Using the general RR solutions of table (6) we find 
that the volumes obey [24] 

K = 14 , H = K (5.1) 

The relation of gauge couplings in terms of wrappings and the complex moduli Xi along 
the three tori, are given by the generic relation [36] 

1 1 Mpi Va 



an 



(5.2) 



where 



,1„2„3n / ^ ^„1_,2_3n U2US / 1 2_3^ U1U3 / 1 2„3^ I 



(5.3) 

and the value of ka is set out by the gauge group on the brane a and is fca = 1 when the 
gauge group is a U(N) one and ka — 2 when the gauge group is an Sp(N). we derive in 
the general case of tilted tori, the gauge couplings at the string scale of the MSSM. We 
use the more general solution to the RR tadpoles seen in table (6) of appendix B for the 
Pati-Salam models that accommodates the parameter p — 1,1/3. We set 

^ ^^EL^Ko, /?2X2 = to (5.4) 
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The gauge couplings are 



as ^/p2 VXi VP^ X3 

1 Ko e 



- = Xo^^^ (5.5) 



aw 2 ^iixli2 

ac ^VPip2 

where ac = \aw and the gauge group for general positions and Wilson lines for c- brane 
is an SU{'i)c x Sp{2)w x U{1)y {Sp{2) = SU{2)). 



The gauge couplings of the SU{3)c x SU{2)yj x U{1)y gauge group are 



Also since 



, o,c — -tth — -Gu, (5.6) 



— - -— + -- + -— (5 7) 
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we find that at the string scale the gauge couplings obey 

1 M. 2 1 1 



_ + — ■ (5.8) 
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Prom (5.8) we derive the value of the Weinberg angle at the string scale 

sin^{9w)Ms = 7 — ■ (5-9) 

bag + 

The free parameters in this equation are the values of the complex structure moduli 
Xi-i i=l, 2, 3. Complex structure moduli, as was first noticed in [15] [see eqn.(4.37) 
in hep-th/0203187] in the context of 4D toroidal orientifold intersecting brane worlds 

[3], the supersymmetry conditions in chiral fermion intersections could be all fixed to a 
certain value without the presence of fluxes. These models were based on Pati-Salam 
S'[/(4) X SU{2)l X SU{2)r type of constructions and in the same 4D string backgrounds 
of the present work. 

• Fixing complex structure moduli via sin^{9yj) at the String scale Ms 

In the present constructions complex structure moduli could be further constrained - 
but not completely fixed - using the values of the gauge couplings at the string unification 
scale. Prom (5.9) we observe that successful unification relations such that of SU(5) GUT 
could be also derived within the framework of Pati-Salam GUTs from intersecting branes. 
Hence by demanding that 

as = , (5.10) 

using appendix C, we can reproduce the GUT predictions for sin^(6'^) at the unifica- 
tion/string scale as 

5 3 

Oa = a«; = , sin^{e^){Mg) = - (5.11) 

So the MSSM models behave as a hidden SU(5) at the unification GUT/String scale of 
the SU(3) and SU(2) couphngs. 

Eqn. (5.10) could be used to constrain the complex structure moduli Xi ~ along the first 



torus - in terms of the values of the rest of moduU along the 2nd and 3rd tori that are 
related by N=l SUSY as in (2.18). From (5.10) we get a second order equation in the 
form axi + bxi + 7 = 0, on the Xs modulus, where 



a = , b = Xip\Wi\l (i2f\ 7 = 1 (5.12) 

Demanding positivity — 4a7 of the square root (to demand only real values for the 
modulus Xi) so at least one root is positive we get the constraint 

XI = - > ^ (5.13) 

The present models reveal the presence of the successful SU(5) GUT prediction si'n?{9w) — 
3/8, when all tori were orthogonal (this was also noticed in [36] ^^) and also when tilted 
tori are involved. It appears that the presence of a "hidden" SU(5) inside Pati-Salam 
models that is behind (5.11) is independent of the existence or not of tilted tori. 

• Gauge coupling unification at Mg 

At this part, we determine the value of the string scale in which the gauge couplings of 
the SM unify The tree level relations of the gauge couplings of the SM at the string 
scale read 



as{n) as 27r Ms 

sin'^{9^){fi) 1 62 /i 

— — = 1 f^(i-rJ 

a[fi) ZTT Ms 

cos\eM_ 1 ^^i^^JL) (5.14) 



a(/x) oy 27r M. 

By using the relation (2. 18) we obtain that at the string scale 



2 1 ^ 2rin^(M/.)-l^£, /jj, ,5 15) 



3as(/x) 2tt 27r V27r 

where 



S= ^63 + ^2 -61 (5.16) 



^^namely the -h/2a+l/{2a)\JP - 4A7 

^^See also first ref. of [8] for an attempt to construct N=l Pati-Salam MSSM-like models where however 
s\v?{6^) at the GUT/string scale does not possess a hidden SU(5), e.g. sin'^{0w) 7^ 3/8. 
We briefly reproduce a relevant discussion from [36] . 



After the breaking of the left-right symmetric model at the MSSM, the massless content 
of our models at the string scale is the one given by the MSSM in addition to the extra 
matter as it seen in the bottom of table (10). As the extra exotic non-chiral matter is 
getting massive by the vevs of the flat directions h^^l, 1=1,2 which are of the order of 
the string scale, at Mg only the MSSM remain massless for which B — 12. Thus the 
unification scale (US) - at which the SU(3) and SU(2) couplings unify for the present 
MSSM models is just 

Ms = Mgut = 2.04 X 10^^ GeV (5.17) 

This scale is independent of the number of Higgsino multiplets in the MSSM as their 
contribution within the combination B cancels out as 

63 = -2nG + 9 , 62 = -2nG - 6 - nj^ - , hi = -"-Gy - riy^ - ria^ (5.18) 

and no = 3 in the present models. 

5.2 Gaugino, Higgsino and Dark Matter Split SUSY candidates 

• Gaugino masses 

In [48] it was argued - following arguments on Scherk-Schwarz compactifications in the 
absence of branes intersecting at angles [45] - that gauginos in string theory should 
receive TeV scale masses. On the contrary in [48, 50], it was suggested that gauginos 
should only receive masses of the order of the string scale even though at tree level in 
intersecting brane models appear to be massless. The latter suggestion originated from 
field theory arguments for intersecting brane models in toroidal orientifolds where 
the D6a gauginos receive non-zero masses from one loop corrections from massive N=l 
hypermultiplets running in the loops, while the extension to the Z^, Zjy x Zm orbifolds 
case comes by considering the contribution from the different intersections when taking 
into account the orbits in the orbifold brane structure. The stringy one loop correction 
for the toroidal orientifold case was verified recently by a string calculation [73] . 

• Higgsino masses 

^^where repeating the argument [45] ^ '^3/2/-^p' nT-i/2 ^ TeV when TO3/2 ^ 10^^~^^ GeV. Notice 
that it is also aUowed mi/2 ~ 10^", 10^^ GeV when 1713/2 ~ 10^^, 10^^ GeV respectively. 
^^As they appear in the appendix of [14]. 



It was suggested [48] that in the context of string theory, a necessary condition for hav- 
ing a hght Higgs multiplet in the spectrum would be to have unbroken supersymmetry 
in the Higgs sector even after supersymmetry breaking, that is tree level massless Higgs 
multiplets in the spectrum. Moreover it was also suggested [48] that it was likely - in the 
sense when such explicit models will be constructed - given the similarity of the Higgs 
doublets to sleptons that even sleptons could be found massless at tree level. Different 
suggestions for the exact mass of the Higgsinos in string models had appear in [49, 50]. 
In [49, 50] it was suggested that in non-susy models with no susy at intersections on 
toroidal orientifolds Higgsinos could be in principle anywhere between the weak and the 
string scale. In the latter orbifolded orientifolds the chiral spectrum consists of only 
the MSSM fermions - in addition to three pairs of massive non-chiral colour exotics that 
become massive from existing Yukawa couplings - and where the Higgsinos make Dirac 
pairs and couple to gauge singlets at tree level. See for example section (8.1) in [49] and 
eqn. (6.7) in [50]. Thus the models of [49, 50] - where supersymmetry is already broken 
by construction at the string scale Mg in the open string sector where the SM is localized, 
accommodate all the split susy criteria namely: 

a) equality of SU(3) and SU(2) gauge couplings and correct sin^Ow = 3/8 at the unifica- 
tion/string scale, 

b) accommodating massive gauginos and higgsinos that could be anywhere from to Mg 
{M,<fi< Ms). 

Thus interesting conclusions on the magnitude of Higgsino masses in string models with 
the split susy characteristics were obtained. However since in these models susy is bro- 
ken by construction in the open sector high at Mg and there is no explicit N=l SUSY 
preserved in their Higgs sector, the solution of the gauge hierarchy problem in the Higgs 
sector of these models is not guaranteed 

On the contrary in the MSSM models of this work - where N=2 supersymmetry is pre- 
served in the N=2 sector - after the breaking of supersymmetry, Higgsinos do not receive 
any correction (modulo the distance I2 between the branes b, c that can be made very 
small and is an open string modulus) at tree level due to the D-term FI breaking as we 
have seen in the previous section. They do however receive a one loop correction of the 
order ~ 5lM, [73]. 

^"^neglecting the non-chiral matter 

^^In addition the models of [49, 50] have also present the non-chiral matter that appears in models 
with intersecting D6-branes. 



• Dark matter candidates 



One of the most difficult cosmological problems is the composition of the present day 
dark matter (DM) density Qdm in the universe. Weakly interacting massive particles 
(WIMPS) are good candidates for generating Qdm- In the context of supersymmetric or 
SUGRA theories where the breaking of supersymmetry used to be at the TeV to avoid 
the hierarchy problem, neutralinos X"^" "^^ are popular candidates for generating the cold 
dark matter of the universe (see [74]). They are expected to be non-relativistic in the 
present epoch and are eigenstates of a mixture of binos B, winos (the superpartners 
of B, W^) and neutral components of higgsinos where 

X"'^" = NuB + A^ii + NisH^ + N^H^ (5. 19) 

E.g. the higgsino fraction is defined as Nh — |-/Vi3p + |A^i4p and is used to distinguish 
the amount of higgsinos mixing in the X"*^" composition, e.g. if one could find that e.g. 
Nff > 0.9 then such a mixing could be considered as mostly higgsino. 
In the present models, the introduction of SS breaking which makes massive all the non- 
chiral matter fields of the models, make also massive and of the order of the string scale 
the gauginos which belong to branes with odd "electric" n- wrappings, that are charged 
under the SM gauge group. Which gauginos could become massive also depends on the 
number of tilted tori (or the NS B-field) that enter the RR tadpoles. Gauginos that are 
associated with a D6-brane for which SS deformations act in some complex tori receive 
a string scale mass of order 

1 

m , 5.20 

where (n, m) the wrapping numbers of the tori for which the SS deformation is acting. 

• Neutralinos : Only Higgino f3i = = ^ 

In the PS models of section 3 and the left right symmetric models of section 4, all 
gauginos may receive masses from SS breaking due to their odd-wrappings. Thus the 
neutralino could be only made of Higgsinos. Also charginos are made only from only 
charged Higgsinos. 

• Neutralinos: only Higgsino- Wino; Pi = 1/2; P2 = ^ 

^^wc denote them by capital X"*" to avoid confusion with x which is used to describe the complex 
structure. 

^■^Non-chiral matter also receives a similar mass. 



In this case, the second torus is tilted and the b-gauginos are massless as they receive no 
mass from SS deformations while we have present two pairs of tree level massless Higgsinos 
{H^. H,}). Thus at low energy neutralinos arc made only from neutral components of 
higgsinos and " electroweak" Winos. Mixing of the higgsinos with the Winos perhaps 
is necessary in order to break the degeneracy of the two Dirac type hghtest Higgsino 
newtralinos and to scatter them inelastically off the nucleus [75] . Also charginos which in 
general is a mixture of the charged components of higgsinos and charged gauginos could 
be also made from charged higgsinos and Winos. Binos may be massive as their gauginos 
are associated with the ones coming from the adjoint breaking of the the U(4) Pati-Salam 
branes that create the left-right symmetric models. 

The introduction of the tilt in the second torus reintroduces the massless non-chiral 
fermions, as the SS deformation no more affects their masses. Thus massless adjoint 
fermions from the weak brane are reintroduced and at this level we have no suggestion how 
to give them a mass. However, the non-chiral non-adjoint matter from the intersections 
bhi, bhs, bh^, chi, ch^, bh^; where we denote the associated fermions as x*^^^^-*, X^'''^^\ 
T^(6ft^5)^ T^(c/ii)^ -^(cf^-i)^ -^^ibhs) Q^^Q getting massive from the superpotential couplings 

^{bhl) (bhs) (hlhs). ^{bhs) (Chi) (be) (h4h5). Achi) (Ch^) (hihl) , s 

AAA ) A A A A ) '^(0;0,1) -^(0;0,1) A{0--l-l) i W'^-'-J 

where -y^^^^^^) ^ -yAhih^) ^ ^{h^hi) ^ ^j^g N=2 matter that possess gauge singlet directions under 
the SM hypercharge. In the last term in (5.21), we have denote by underscript the 
corresponding charges under the gauge groups of the (c; /i4, h^) D6-branes respectively. 
By -x^^'^) we denote the difundamental Higgs multiplets appearing as a basic ingredient in 
the spectrum of any PS or left-right symmetric model.We also mention of the possibility 
for the gravitino to be the LSP as it happens in local theories of gauge mediation with 
low scale susy breaking. See also [47] for some relevant work in a split susy non-string 
context. Further consequences of the present models for dark matter will be considered 
elsewhere. 



6 Addition of RR, NS and Metric fluxes 

In this section, we will examine the classes of Pati-Salam models of this work, by studing 
their low energy effective action in the presence of background fluxes. In particular we 
study the question of moduli stabilization in the presence of RR/NS and also metric fluxes 

^^Superscripts denote the corresponding intersection. 



as they have been recently incorporated in [43] and further studied in [44]. In type IIA 
Calabi-Yau orientifolds such as the torus the introduction of fluxes makes possible to 
fix most of the moduli of the theory. Given the unique string Pati-Salam models of the 
previous sections that leave only the MSSM at the string scale the question is if these 
models can be also reproduced in the context of fluxes where also moduli could be fixed. 



6.1 Preliminaries - RR tadpoles 



The general supcrpotcntial involving RR/NS and metric fluxes is the sum of the terms 
generating the Kahler and the complex structure moduli, Wk, respectively. We define 



K 



Jy 



(6.1) 



where Frji represents a sum of even RR fluxes. The complex structure moduli Wc is a 
sum of two terms, the flrst one that "^^ corresponds to the one generating a flux due to 
the NS Hs and the second one that is generated by the metric fluxes inside dJc, Wc was 
computed in [43] as 



I,J=0 



(6.3) 



In the case of our models that are accommodated in the presence of RR/NS and 
metric fluxes - within four dimensional toroidal compactiflcations of type IIA theory - 
(and intersecting D6-branes) the full superpotential is computed to be [44] 



W = Wc + WQ^eo + ihoS + Y^[(iei - aiS - h^Ui - ^ KU3)Ti - ihUi] 

i=l j^i 



(6.4) 



This is a result also obtained in [43]. Recall that the metric fluxes are constrained by the 
Jacobi identities which imply the twelve constraints 
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(6.2) 



Detail definitions can be found e.g. in [44]. 



bikhj + hkbij = ; i^j^k 



(6.5) 



The RR tadpole conditions become 

1 ^ 
Yl ^anlnlnl + -{horn + J2 <^iQi) = 16 , 

1 2 

Yl ^anlmlml + - {him - Qibn) = , 

1 2 

J2 Namlnlml + - {h^m - Qibi2) = , 

a ^ i=l 

1 3 

YNamlmlnl + -{hsm-YQibis) = 0. (6.6) 

a ^ 1=1 

Hence for instance, a viable solution is bji — hi, ha — —hi, Oj = a. Further choosing RR 
fluxes 

qi = -C2 , ej = Cl (6.7) 

we allow a configuration with Ti = T2 = = T. Then the supcrpotential (6.4) reduces 
to 

3 

W = 60 + SiciT + ScaT^ + imT^ + ihoS - 3aST - ^{ihk + bkT)Uk , (6.8) 

k=0 

If the fluxes hk and bk are independent of k, we can also set Ui = U2 = Us = U. Given 
the fluxes leading to (6.8), the tadpole conditions (6.6) become [43, 44] 
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^(/l3m + 63C2) 


= . 



(6.9) 

We will examine the case of AdS vacua with negative cosmological constant in the non- 
supersymmetric models considered in the previous sections. We recall that non-susy 
intersecting models without fluxes [14, 15, 16, 17] are unstable due to uncanceled NSNS 
tadpoles. However some of the tadpoles vanish as all the complex structure moduli could 
get fixed by the supersymmetry conditions present in the Pati-Salam models of [15]. 

The important observation to make is that the Pati-Salam models considered in the 
previous section can be also be considered as possible solutions to models that accom- 
modate R/NS and metric fluxes. A similar observation has already been made in the 



appendix of [44], where it was shown that the N=0 models of [14] (that had no exphcit 
Busy on intersections) could stabilize some moduli in the presence of metric fluxes. 

We consider the case of isotropic Kahler moduli by choosing — T and look for 
minima of the effective supergravity potential with 

Du,W = , DsW = (6.10) 

where W given in (6.8) and as usual Dx — dxW + WdKW. The above conditions imply 
the following constraint [44] 

3as = bkUk . (6-11) 

where a and must be both non-zero and of the same sign. Moreover, the following 
consistency conditions also hold 

3hka + hobk = ; k = 1,2,3 . (6.12) 

Before considering the issue of moduli stabilization let us mention one further constraint 
that should be imposed on the models. In general U(l) fields coupled to RR fields give 
rise to massive U(l)'s that are generated by the couplings 

A N,j2 c?Cf (6.13) 

7=0 

with 

Co = rnlmlml ; c\ = m\nlnl ; 4 = n^m^n^ ; 4 = (6 ^4) 

In addition, metric backgrounds give rise - to avoid inconsistencies resulting from loss of 
gauge invariance - to the constraint [44] 

/ (H^ +u;J,) = , (6.15) 

evaluated at the vacuum under examination, where Ua denotes the 3-cycle wrapped by 
the D6-brane, u are the metric fiuxes and Jc is the complexified Kahler 2-form of the 
torus. Assuming a weaker form of this constraint that neglects metric fiuxes, one gets the 
weaker condition [44] 

c'ihi ^ . (6.16) 

7=0 

The above condition guarantee that the U(l)'s that are getting massive from their cou- 
phngs to RR fields are orthogonal to those one's becoming massive from NS fiuxes. 

^''In general from NS and metric, see (6.15). 



6.2 Moduli stabilization from fluxes 



Conditions (6.11), (6.12), (6.16) may be used to examine the models of the previous 
sections in the presence of general flux backgrounds. Imposing the condition (6.16) - on 
the general solution to the RR tadpoles (2.4) seen in table (13) of appendix B - we derive 
for the left-right symmetric (the result is also vahd for the Pati-Salam models and the 
MSSM coming from Wilson line breaking of the L-R) 

h2 - . (6.17) 

Observe the similarity of this condition to the susy condition (2.18). In the present 
models that possess N=l supersymmetry in the observable MSSM and a different N' — 1 
supersymmetry in the supersymmetry breaking messenger sector, the hypercharge does 
survive massless the GS mechanism. It is given e.g. in the simplest left-right models as we 
have seen by eqn. (4.3) or by (2.16) when the breaking to the MSSM is achieved. Notice 
that in the non-supersymmetric models with intersecting D6-branes like [14] in the case 
that the RR tadpole parameters allow the hypercharge to survive massless to low energies 
[and thus having the SM chiral spectra at low energies ] only the dilaton S may be fixed by 
the fluxes as hi — h2 — hs — and Hq ^ 0. Similar results are expected for the non-susy 
models of [16, 17] which are the maximal SM generalizations of [14] to five and six stacks 
of intersecting D6-branes. The difference with [14], is that in the latter models [16, 17] 
we have in addition to the two extra U(l)'s which survive massless to low energies, one 
or two extra U(l)'s which are expected to get broken by the vev of the sneutrino ^'^ . 
On the contrary in the present models - where N=l susy makes its prcsense manifest - 
all real parts of moduli, S, T, U, namely s, t, are expected to be fixed and also some 
linear axion combinations will get fixed. 

From conditions (6.6), (6.17), (2.18) we observe that 

ReU2 h ef3i ^ ' ' 

That means that the supersymmetry conditions in the present models could fix the NS flux 
coefficients in the RR tadpoles. 



38For the 5-stck SM [16] there are one of two U(l)'s; for the 6-stack SM [17] there are only two U(l)'s. 
^^The intersections that accommodate the right handed neutrino in [16, 17] respect N=l supersymmetry 

in sharp contrast with the [14] models where the intersections and hence the chiral fermions preserve no 

susy at all. 



Hence if jSi = j32 — 1, /i2 — ^3- From (6.18) we also conclude as we examined the 
case that there is no tilt in any of our tori, that 

ReU2 = ReUs (6.19) 

ans since our torus is orthogonal, 

ImUi = ImU2 = ImUs = (6.20) 
We are choosing a vacuum with cq = Ci = 0, ho = —3a, C2 = —m, 

e = e = /3i = /32 = 1 (6.21) 
and which satisfies the consistency conditions (6.12) 

h = (6,6,6), hk = -^h, k = 1,2,3 (6.22) 

and where also /io<0,a<0,m<0. The flux contributions to the RR tadpoles cancel 
as we have chosen 

horn = 3ac2, him + 6jC2 = , (6.23) 

e.g. the contribution of metric fluxes cancels against the contribution from R/NS fluxes. 
As this is a general result [44] it appears that : One can choose any four dimensional non 
supersymmetric vacuum on toroidal orientifolds which satisfies RR tadpoles in the context 
of compactifications of type IIA theory with intersecting D6-hranes and make it to satisfy 
the RR tadpoles with fluxes by making the choice (6.23). 

The previous observation extends easily to the N=l supersymmetric orientifold vacua 
based on Z^, x Zm orbifolds as one has to add the contribution of the corresponding 
crosscap contributions to the RR tadpoles; one has to add a contribution of —16 to the 
right hand side of the last three hues of (6.9). 

Let us here discuss some points regarding the fate of U(l)'s present. In general the 
U(l) combination [44] 

Im U2 - U3 (6.24) 

epi 

gets massive from its couphng to RR BF flelds (4.1). Its orthogonal combination 

X = ImU2 + ^ ImUs = ^{h2 Im U2 + hs Im Us) (6.25) 

efj2 h,2 



^°For a two dimensional torus where the generating lattice is spanned by the basis vectors e, = Gy-e-' ; 

1 

Gil 



the complex structure moduli is given by U -^{\fG — iG\-2) 



is expected to receive a mass from fluxes upon minimization as it should appear in the 
superpotential W. Also massive becomes the combination of complex structure axions 
defined as [44] 

^ 3777- 

SalmS + '^bklmUk = 3ci H {3ho — lav) (3/io — Sai;), (6.26) 

k a V 

where v = ImT takes different values according to whether m = 0, or m ^ 0. For the 
vacua associated to (6.20), this combination becomes 3aImS + bilmlli. Thus given that 
ImUi are fixed from (6.20), the ImS is fixed in (6.26). In general - neglecting NS tadpole 
contributions - the real part of the S, T\ t/* moduli denoted as s,Uk,t respectively get 
also fixed in the present models at 

m -ho ^ 3as ^ ^lO^/^ -ho ,^ 

leaving unfixed only the imaginary parts of the Kahler moduh. The latter could be fixed 
when the NS potential is included. For some other proposals to fix the Kahler moduh see 
[13, ?]. In order to trust the supergravity approximation that we are using it is necessary 
that —ho /3a large since the 4-D dilaton e*^* = (smiM2M3)^/^. 

We also note that that as the present models have uncanceled NSNS tadpoles, the 
exact stabilization problem is solved by considering the minimization of the full potential 
that includes the NSNS potential in addition to the potential generated by the superpo- 
tential fluxes. For simplicity reasons we will not consider this option here leaving the full 
treatment in future work. 



7 Conclusions 

We have presented the first three generation D-brane string models that localize the MSSM 
spectrum at the string scale, simultaneously providing us with a particle physics model 
that accommodates all the long seeking properties of a realistic MMSM incorporating 
string vacuum, that possess : 

• Unification at 2 ■ 10^^ GeV (of SU(3) and SU(2) gauge couplings). 

• All extra chiral and non-chiral beyond the MSSM matter is getting massive at the 
string scale. 

^^In the following we assume m^O. 
^^Borrowing the results from [44]. 



• Proton stability, as baryon number is a gauged symmetry. 

• The MSSM spectrum is massless at the string scale while the theory breaks to the 
SM SU{3)c X SU{2) X U{1)y at low energies. 

The great advantage of using intersecting D-branes against other approaches involving 
compactifications of the perturbative string theories is that in the present formalism we 
can guarantee proton stability, moduli fixing (through supersymmetry conditions at in- 
tersections) and exotics becoming massive occuring simultaneously. 
A comment is in order. Most of the non-chiral states become massive by the introduction 
of Scherk-Schwarz breaking. For the rest of them, including also the chiral exotics of 
the vector-like messenger sector, trilinear superpotential couplings (TSC) are employed, 
where it is assumed that the coupled gauge singlet directions do receive a vev. The cur- 
rent models provide us with a laboratory that can be used to investigate in the future 
the precise determination of these vevs. We note that the presence of these TSC - in the 
presence of a stable proton - for the extra beyond the MSSM matter multiplets is absent 
in all the models from intersecting branes or other recent model building constructions 
from string theory [1, 2, 8, 9, 21, 22, 66, 57, 59, 40, 80]. 

In toroidal orientifold vacua with intersecting D6-branes, supersymmetry is already bro- 
ken by construction as the absence of a variety of orientifold planes docs not allow N=l 
models but only N=0 models to be constructed. Thus the vacua presented in this work, 
even though they localize the MSSM multiplet spectrum among the observable sector 
D6-branes Oi, are non-supcrsymmetric (N=0); the N=l supersymmetry of the extra mes- 
senger sector is different from the one respected by the MSSM multiplets. 

The most important future of the present string models is that they manage to make 
all the extra chiral/non- chiral beyond the MSSM exotics massive, due to the combined 
use of the introduction of Scherk-Schwarz deformations and flat directions. 
These models have the novel property that only the supersymmetric intersections share 
a susy with the orientifold plane and not the participating intersecting branes, meaning 
that some of the branes involved can be non-supersymmetric. 

The Pati-Salam/left- right symmetric models of this work are the first realistic exam- 
ples of gauge mediation in string theory. They provide us with a stringy platform for 
realistic calculations in the context of string theory. Attempts to construct gauge medi- 
ated semireahstic models in string theory could be found in [72, 73], while local models of 
gauge mediation inspired from string theory could be found in [77]. In our models we don't 
have to show dynamical supersymmetry breaking in the standard sense as supersymmetry 



is broken by construction. The great advantage of gauge mediation against other schemes 
of supersymmetry breaking — hke gravity mediation or anomaly mediation — are the 
universal squark and slepton (soft term) masses. In the present constructions masses for 
sparticles which are due to the D-term breaking and originate from FI terms in the limit 
of small deviations of complex structure result in degenerate squarks and slepton masses 
and thus may be responsible for automatic flavor changing neutral current suppression. 

We also explained the "embedding" of the present models in toroidal orientifold back- 
grounds of - type IIA 4D compactifications - in the presence of NS/R and metric fluxes in 
the spirit of [42], [44] (and [43]). The stringy toroidal orientifolds of sections 2,3,4,5 that 
in the absence of fluxes have NS tadpoles remaining, now become stable, as the real and 
imaginary parts of dilaton and complex structure moduli and also the real parts of Kahler 
moduli get fixed. The only remaining unfixed moduli, the imaginary parts of Kahler ones, 
could be fixed by the complete minimization of the NS scalar potential 



where Tg the tension of the D6-branes; A the string coupling; ||/a||, \ \lo\\ the volume 
that the D-branes and the 06-planes lie respectively. The uphfting of Ads vacua to de 
Sitter ones is an interesting possibility once the NS potential is introduced, without the 
need of any non-perturbative effects [78], and it will be examined elsewhere. 
An important comment is in order. When the non-supersymmetric models of [14] were 
examined in the presence of RR/NS and metric fluxes [44] - in these models there is no 
supersymmetry present at any intersection - when the hypercharge survives massless to 
low energies [16, 17], only the dilaton could be fixed by fluxes. On the contrary in the 
present non-supersymmetric models where N=l, N=2 (Higgses/higgsinos) supersymmetry 
makes explicit its appearance at intersections, the hypercharge survives massless and 
both the dilaton and the complex structure moduli could be fixed. Also in the present 
constructions more moduli are fixed than in the usual N=l Ads vacua of [44] - where only 
the real parts of the dilaton and complex and Kahler moduli get fixed - as the toroidal 
lattice fixes also the imaginary parts of the complex structure moduli. 

It will be also interesting to examine moduli stabilization in the present models in the 
spirit of [76]. We note that when passing from the stringy MSSM models of sections 3, 
4, 5 to the fluxed models of section 6, the only feature of the string models that is not 
surviving in the presence of fluxes is the non-chiral matter that is getting massive by the 
introduction of SS breaking. 




(7.1) 



We also note that the universal value obtained for the sparticle masses coming from D- 
term breaking depend on the small variation of the complex structure and thus on the tori 
radii. For particular values of these radii, the scale of sparticle masses could be lowered 
well below the string GUT/unification scale of 2.04 x 10^^ GeV where the SU{3), SU{2) 
gauge couplings meet. 

Our work also confirms that proposals based on the idea of statistical analysis [84] 
of the existence of a string landscape [83, 84] which imphcitly accepts the existence 
of a stringy Standard model vacuum with no exotics are definitely real. Further stud- 
ies of the present models including studies of susy soft breaking terms and low energy 
squark/slepton phenomenology, quark and lepton mass hierarchies [67, 71] may be exam- 
ined elsewhere. 
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8 Appendix A -Alternative Hypercharge embedding 
for the L-R symmetric models 

There is alternative hypercharge embedding for the left-right symmetric models discussed 
in section (3.2) that gives the same spectrum and also the same hypercharge for the 
observable MSSM related part of the spectrum in table (10). It is defined as 

u{i)y = - ^Qd - Iqhs - \Qh, (8.1) 

Notice that the hypercharge assignment of the messenger multiplets are different than the 
one appeared assigned to the choice of eqn. (4.3) on table (10). The RR couplings reveal 
that the U(l) defined as 3(5a-|-(5d, gets massive while the extra U(l)'s U{))p-*^ — Qhs—Qhi, 
U (1)(2*) — {<c,Q^ — 18(5d) + 10((5fe3 + <5ft4) g^t broken if 0| get vevs respectively as they 
are flat directions of the potential. Also non-chiral matter gets massive by SS deformations 



as in section (3.2). However the couplings that are available for the messenger multiplets 
within the new assignment (8.1) are exactly the same that appear in eqns (4.7). As a 
result we obtain for the different hypercharge embedding (8.1) the same physics; same 
unification scale, all exotics massive, etc. 

9 Appendix B 

We this appendix we provide the solution to the RR tadpoles for the Pati-Salam models 
of section 3, in the case that 

e = e, p=l,l/3 . (9.1) 

The case p = 1/3 was treated in table 6 and is used to facilitate the discussion in the 
main text of this work. These solutions appear in table (13). 
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